We report a newly developed technique for high-resolution in vivo imaging of myelinated axons in the brain, spinal cord and peripheral nerve that requires no fluorescent labeling. This method, based on spectral confocal reflectance microscopy (SCoRe), uses a conventional laser-scanning confocal system to generate images by merging the simultaneously reflected signals from multiple lasers of different wavelengths. Striking color patterns unique to individual myelinated fibers are generated that facilitate their tracing in dense axonal areas. These patterns highlight nodes of Ranvier and Schmidt-Lanterman incisures and can be used to detect various myelin pathologies. Using SCoRe we carried out chronic brain imaging up to 400 mm deep, capturing de novo myelination of mouse cortical axons in vivo. We also established the feasibility of imaging myelinated axons in the human cerebral cortex. SCoRe adds a powerful component to the evolving toolbox for imaging myelination in living animals and potentially in humans.
Myelin is a complex cellular structure that plays critical roles in action-potential propagation, axonal insulation and trophic support 1 and is a potential site of experience-dependent neural plasticity 2, 3 . Oligodendrocytes and Schwann cells, the myelin-producing cells, are affected in a variety of pathologies involving the brain, spinal cord and peripheral nerves 4, 5 .
Imaging techniques such as electron and confocal fluorescence microscopy have been invaluable in furthering the cellular understanding of myelin development, plasticity and pathology. Diffusion tensor magnetic resonance imaging (DTI) has allowed longitudinal studies of cerebral white-matter tracts in animal models and humans 6 , and genetically encoded fluorescent reporters have allowed imaging of oligodendrocytes in living organisms 7, 8 . Methods have also been developed for label-free imaging of myelinated fibers using coherent anti-Stokes Raman scattering (CARS) [9] [10] [11] , optical coherence (OCM) 12 or third-harmonic generation (THG) 13, 14 microscopy.
We developed a powerful yet easy-to-implement method for high-resolution label-free in vivo imaging of myelinated axons using a conventional laser scanning confocal microscope with tunable wavelength detection capabilities. This method is based on spectral confocal reflectance microscopy (SCoRe) and takes advantage of the high refractive index of lipid-rich myelin 15, 16 . Reflection signals are obtained using multiple confocal lasers, which individually generate images of discontinuous segments but when merged, constitute contiguous myelinated axon images.
Using ScoRe, we longitudinally imaged -for the first time, to our knowledge-fine changes in axonal myelination in the living mouse cortex. We were able to track Schmidt-Lanterman incisures (SLIs) and nodes of Ranvier in vivo in normal and pathological conditions. We also implemented SCoRe concurrently with confocal fluorescence or two-photon microscopy to image the interactions between axons, oligodendrocytes and other cell types such as astrocytes and microglia. Finally, we demonstrate in a postmortem human cortical explant that SCoRe can be used for high-resolution imaging of cortical myelinated axons directly through the pial surface.
RESULTS

In vivo imaging of myelinated axons with SCoRe microscopy
We first applied single-wavelength confocal reflectance microscopy through a thinned skull in an anesthetized mouse ( Fig. 1) . We noticed a reflective network pattern that, although patchy ( Fig. 1c) , was reminiscent of cortical layer I axons 17 . When we used different laser wavelengths, the images remained patchy but did not fully overlap ( Fig. 1c) . Notably, simultaneous imaging with multiple wavelengths gave a complementary reflection pattern that, when composited and pseudocolored monochromatically ( Fig. 1c-f ), appeared as a continuous image, revealing that these processes projected for long distances ( Fig. 1b and Supplementary Video 1). Similar wavelengths (476 and 488 nm) tended to generate reflective patches at similar locations along the fiber, whereas more distant wavelengths (488, 561 and 633 nm) produced less overlapping patches ( Fig. 1g,h) . Furthermore, the merged images appeared contiguous when 488, 561 and 633-nm lasers were used, and additional wavelengths ( Fig. 1d-f ) or images captured with a white-light broadband laser (data not shown) did not lead to more contiguous images. Therefore, we used those lasers for all subsequent experiments.
To better characterize these reflective fibers, we combined in vivo SCoRe with confocal fluorescence microscopy. Using mice that express YFP in a subset of layer V cortical pyramidal neurons (Thy1-YFP), we found that none of the fluorescent dendrites were reflective, whereas some reflective processes colocalized with YFP ( Fig. 1i and Supplementary Video 1), suggesting that they represented myelinated axons, given myelin's known reflective properties 15, 16 . To confirm this, we labeled myelin through a craniotomy with fluoromyelin (FM) dye and found that it robustly labeled the myelin sheath of superficial cortical axons, as evidenced by their tubular appearance ( Fig. 2a) . We found that 100% of FM-labeled fibers were reflective ( Fig. 2a) , whereas YFP-labeled dendrites, unmyelinated axons (FM-negative) ( Fig. 2b) , astrocytes and microglia ( Supplementary Fig. 1 ) produced no reflectance. Furthermore, FM-negative axonal segments, such as those at some axonal bifurcations ( Fig. 2c) , which lack myelin 18,19 , were not reflective, even though the axon was normal as evidenced by intact YFP. Additionally, while imaging peripheral nerves in vivo with SCoRe, we found that individual FM-labeled axons lacked reflection at nonmyelinated nodes of Ranvier (Fig. 2d) . These data strongly suggested that myelin is the source of fiber reflection in both cortex and peripheral nerves.
Curiously, even though myelin is the source of reflectance, we observed that when viewed in the xy plane, the signal appeared to arise from the center of the myelinated tube, where the axon is located, rather than from the sides of the tube as seen with FM labeling (Fig. 2) . To resolve this apparent contradiction, we analyzed orthogonal (xz) views of individual axons in the sciatic nerve from Thy1-YFP mice ( Supplementary Fig. 2 ). In the xz plane, it became apparent that the reflection originated above and below the YFP-labeled axon, generating an hourglass shape, with little reflection observed at the center of the axon (Supplementary Fig. 2a ,b,f,g), demonstrating that the source of reflection is indeed the surrounding myelin. This was simulated experimentally by imaging a pulled-glass capillary similar in size to an axon, filled with fluorescently labeled agarose. We found a strikingly similar hourglass reflection shape with the outer and inner glass surfaces being most reflective ( Supplementary  Fig. 2c,d) . This strongly suggests that only the portion of light reflecting at a particular angle of incidence is captured by the confocal detectors ( Supplementary Fig. 2e) , resulting in the 'axonal' appearance in xy projections. Furthermore, measurements of the outer diameter obtained from xz reflection images matched almost perfectly those obtained from the xy confocal fluorescent images of FM myelin labeling ( Supplementary Figs. 2g and 3) . This not only provides additional confirmation that the reflection signal originates in the myelin sheaths but also constitutes an accurate means for measuring outer-fiber diameter in vivo in a label-free fashion.
Although with SCoRe the wavelengths used are shorter and light collection is less efficient than with two-photon microscopy, we were Figure 1 In vivo imaging of mouse cortex using spectral confocal reflectance microscopy (SCoRe Video 2) . This is probably explained by the fact that myelin is highly reflective, making light scattering and collection efficiency less critical for SCoRe compared to fluorescence imaging.
Combined use of SCoRe with fluorescence microscopy
To further characterize the reflection signal, we implemented SCoRe simultaneously with fluorescence microscopy in fluorescent reporter expressing transgenic mice under control of the proteolipid protein promoter (PLPDsRed) 20 . In these mice, single oligodendrocytes can be visualized in the superficial cortex with either two-photon ( Supplementary Fig. 4a ,b) or confocal ( Supplementary Fig. 4c -g) microscopy in vivo. However, although their fluorescent processes can be clearly detected, it is not possible to accurately trace individual myelinated axons because oligodendrocytes have a large number of branches that provide myelin for only a single internode. Combining SCoRe and confocal fluorescence microscopy in vivo allowed us to precisely trace individual myelinated fibers for long distances spanning several internodes. Oligodendrocyte processes were seen running along reflective fibers, but several processes, especially those close to the oligodendrocyte cell bodies, did not produce any reflection, suggesting that they do not form compact myelin sheaths ( Supplementary Fig. 4d,g) . Thus, SCoRe provides unique information about the status of myelin compaction, which, to our knowledge, is not possible with other optical methods. The combination of SCoRe and fluorescence imaging constitutes a powerful tool set for studying oligodendrocyte interactions with axons, formation of a compact myelin sheath, oligodendrocyte injury, myelin degeneration and regeneration.
Patterns of cortical myelin dynamics in neonates and adults
We used SCoRe for time-lapse imaging of layers I-II cortical myelin in mice of various ages. Consistent with the known time course of cortical myelin development 21 , mice younger than 2 weeks had neither reflective nor FM-stained axons (data not shown), but around postnatal days 18-21 (P18-21), reflective fibers that appeared as patches (~200 µm in diameter) were first detected ( Fig. 3 and , which lack reflection (cyan). Scale bar, 15 µm (experiments were replicated three times in n = 13 mice). npg Supplementary Fig. 5 ), closely resembling the morphology of individual myelinating oligodendrocytes 22 (Supplementary Fig. 5 ).
At subsequent developmental stages and into adulthood, the mice showed steady increases in the densities of reflective axons (Fig. 3a) .
Repeated imaging of the same regions over weeks revealed cortical subregions that became myelinated, probably owing to the maturation of individual oligodendrocytes ( Fig. 3b) and also individual axons which became newly myelinated ( Fig. 3c-e ), stable unmyelinated regions consistent with nodes of Ranvier (Fig. 3f) , and unchanged myelinated regions in older animals ( Fig. 3g,h) . These examples show how fine myelin dynamics can be investigated during development and in the adult using SCoRe.
The spectral reflectance highlights unique myelin features
The reflectance signal from various lasers not only produced a contiguous myelinated axonal image ( Fig. 1c-f ), but at high zoom appeared as a spectral speckled pattern ( Fig. 1c) . Notably, despite this heterogeneous speckle, in the spinal cord and sciatic nerve, individual axons also had a predominant reflectance color that allowed us to distinguish them from adjacent axons ( Fig. 4  and Supplementary Video 3) and could be used for identification of axons over time as the pattern changed minimally over days and was not significantly affected by axial sample rotations ( Supplementary  Fig. 6) . The reflection signal is likely to originate from changes in refractive index between the mostly aqueous neural tissue 23 and the lipid-rich myelin, whereas the multicolor reflection is probably due to thin-film interference 24 , which leads to constructive and destructive interference of particular wavelengths, depending on differences in the thickness of the reflective surface (Supplementary Fig. 2) .
Therefore, the number, thickness and relative composition of the membranous myelin layers may have a direct impact on the reflected spectrum. The most likely explanation for the differences in the overall color of adjacent axons in the peripheral nerve and spinal cord is the large interaxonal variability in diameter and degree of myelination in contrast with the more homogeneous axons in the superficial cortex. Regardless of the precise mechanism, these colors allow the identification and tracing of individual axons over long distances in peripheral nerves and spinal cord (Fig. 4) .
High-resolution imaging in the sciatic nerve revealed a peculiar periodic vertical multicolor reflection pattern at irregular intervals of approximately 20-60 µm (Fig. 4d-j) . To investigate its cellular origin, we reasoned that mT/mG transgenic mice, which express tdTomato in cell membranes, would be useful for simultaneously imaging myelin and its reflection in peripheral nerves. Indeed, we observed highly detailed images of myelin layers (Supplementary Fig. 3 ) and noticed the typical oblique appearance of SLIs 25 (Fig. 4d) . The periodic vertical reflection areas completely colocalized with fluorescent SLIs. These incisures are cytoplasmic channels within the otherwise compact myelin that are critical for molecular flow along myelin layers 25 .
To our knowledge, SCoRe is the only label-free technique that can unambiguously image these structures in vivo, opening the possibility of studying them in the context of a variety of pathologies.
Imaging myelin pathology and the human brain with SCoRe To determine whether SCoRe is able to detect myelin defects, we used shiverer mice, a well-known model in which mutation of the gene encoding myelin basic protein (Mbp) prevents the formation of compact myelin in the CNS. In vivo imaging of the cortex of shiverer mice showed a marked paucity of reflective fibers (Fig. 5) , with occasional small scattered segments of reflectance but no continuous axons (Fig. 5d) . To test whether these were areas lacking myelin, we labeled the cortex by topical application of FM. Indeed, shiverer mice had severely reduced labeling, but the small scattered areas of reflection uniformly colocalized with FM labeling (Fig. 5d) . Imaging on brain slices from shiverer mice confirmed the dramatic reduction in the reflection signal in the corpus callosum ( Supplementary  Fig. 7) . This demonstrates unambiguously that the reflectance signal is dependent on the presence of compact myelin and shows that SCoRe is a sensitive method for detecting central myelination defects. We also imaged the sciatic nerve of shiverer mice, as these have been reported to have alterations in the number of SLIs 26 . Indeed, we were able to show that these mice have increased density of SLIs (Supplementary Fig. 7) , demonstrating that SCoRe is able to detect in vivo very subtle peripheral myelin changes. In addition, we were able to demonstrate rapid changes in the multicolor pattern after exposure to the demyelinating agent lysophosphatidylcholine (LPC), dimethyl sulfoxide (DMSO) or a hypotonic solution (Fig. 5e,f and  Supplementary Fig. 8 ) and also detected changes in myelination during axonal degeneration and regeneration after sciatic nerve crush (Supplementary Fig. 8) . Thus, SCoRe can be used to detect a variety of myelin pathologies in vivo.
Finally, we imaged a paraformaldehyde-fixed postmortem human brain explant to determine whether myelinated fibers could be detected in the human cortex. We oriented the tissue to image the surface of the cortex mimicking the situation for in vivo imaging of mouse brain (Fig. 5g) . Consistent with mouse images, we saw a highly reflective network of axons ( Fig. 5h ) that colocalized with FM labeling (Fig. 5i) , confirming these were indeed myelinated axons. These data show the feasibility of imaging myelinated axons in human tissue with high resolution, low laser power and no dye administration.
DISCUSSION
In vivo optical imaging has been invaluable for understanding the plasticity of cells in the nervous system during development, aging and pathology [27] [28] [29] . We have developed a technique that allows label-free high-resolution in vivo imaging of myelinated axons using spectral confocal reflectance microscopy (SCoRe). Because SCoRe only requires a confocal microscope with tunable wavelength detection capabilities, which is routinely used throughout the world, this technique could have wide applications in preclinical animal studies of myelin pathologies. In addition, SCoRe has the potential to be adapted as a tool for in vivo human peripheral and cortical myelin imaging.
Although the precise mechanism for the multicolor reflection is not clear, it probably relates to the principle of thin-film interference 24 . Similar to dichroic mirrors with alternating layers of optical coatings of different refractive indices, myelin is composed of many layers of lipid-rich sheaths. This layered structure leads to constructive and destructive light interference, reinforcing certain reflected wavelengths and suppressing others. The thickness and number of layers may determine the wavelengths that are preferentially reflected, with further variability due to focal irregularities in myelin sheath npg thickness, lipid composition and other local cellular variables. Notably, we found that in addition to the focal color patchiness, individual axons displayed a unique overall color signature. These unique color features of individual axons in the spinal cord and peripheral nerve facilitated their identification and tracing during time-lapse imaging despite the high density of adjacent processes, analogous to methods such as Brainbow 30 or Diolistic labeling 31 . We also found in peripheral nerve axons a striking periodic multicolor reflection pattern derived from SLIs, which can now be studied in vivo. Several methods are currently available for in vivo imaging of myelin and myelin-producing cells. Confocal and two-photon microscopy has been used with genetically encoded fluorescent markers in zebrafish oligodendrocytes 7 . Using these fluorescent reporters, however, it is not easy to trace individual myelinated axons or determine when oligodendrocyte cellular processes near an axon have established a mature compact myelin sheath. Furthermore, although fluorescent dyes such as FM can be useful for in vivo imaging, labeling with these dyes is not consistent, making them unsuitable for longitudinal imaging. SCoRe, however, provides a uniform traceable image of the axon, is very sensitive to the presence of a compact myelin sheath and allows repeated transcranial imaging of fine structural myelin changes.
Although label-free methods such as OCM, CARS and THG have great potential, they require complex setups or rarely available equipment, whereas SCoRe uses a conventional confocal microscope, making it easy to implement. Furthermore, because SCoRe is highly sensitive to myelin, it requires light levels that are substantially lower (on the order of 200-400 µW at the sample) than those used for conventional confocal fluorescence or two-photon microscopy. Thus, this technique can be used for repeated imaging at high zooms with virtually no phototoxicity or thermal injury, making it ideal for in vivo use. Longer wavelength Ti:sapphire lasers can also be used (data not shown), which would in theory allow SCoRe to achieve greater penetration than two-photon microscopy, as both incident and reflected lights would be infrared and thus less scattering.
Using SCoRe, we longitudinally tracked newly formed myelinated structures in the living mammalian brain and found that myelination progresses rapidly over days but change is confined to isolated microregions, probably representing territories of single oligodendrocytes. Second, we found areas lacking myelination at axonal bifurcations in the cortex, an underinvestigated phenomenon 18 that can now be studied in vivo. Third, we longitudinally imaged SLIs and nodes of Ranvier in a mouse. Fourth, by concurrently using SCoRe with fluorescence imaging, we showed that a substantial number of proximal oligodendrocyte processes do not form a compact myelin sheath.
Future modifications of SCoRe with infrared laser excitation and detection capabilities 32 or fiber-optic coupling would increase the imaging depth, and may eventually allow imaging of human brain, spinal cord and peripheral nerve. For example, recently it has become possible to generate myelin with engrafted neural stem cells in humans with severe leukodystrophies 33, 34 . Additionally, it has been documented that subpial cortical demyelination is one of the earliest pathological events in multiple sclerosis 35, 36 . SCoRe, which allows high-resolution imaging in the intact cortex, could potentially be used for tracking the formation of myelin after engraftment or its degeneration in severe demyelinating disorders or traumatic brain injury. An approach based on SCoRe could also be applied for imaging peripheral nerves instead of tissue biopsy in various polyneuropathies. Thus, SCoRe is a powerful technique that adds significant capabilities to the toolbox for in vivo imaging of the central and peripheral nervous systems in animal models and potentially in humans.
METhODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary information is available in the online version of the paper.
ONLINE METhODS
Animals. All animal procedures were approved by and carried out in accordance with Yale University IACUC guidelines and were performed on both male and female mice aged P15-P480 as indicated in the text. Mouse lines used included Thy1-YFP line H 37 (Jackson Labs #003782), CX3CR1-GFP 38 (Jackson Labs #005582), MBP shi (Jackson Labs #001428), mT/mG 39 (Jackson Labs #007576), C57BL/6 (Jackson Labs #000664) and PLPDsRed 20 . Postmortem human tissue was a deidentified tissue sample from a deceased individual from the Northwestern Alzheimer Disease Center Institutional Review Boardapproved Tissue Bank. No investigator blinding for group allocation was necessary for the experiments described in this study. No statistical methods were used to predetermine sample size. Randomization and a power analysis were not necessary for this study.
Spectral confocal reflectance microscopy. We used a Leica SP5 confocal microscope with a water immersion objective (Leica 20×, 1.0 NA), using 458, 476, 488, 514, 561 and 633-nm laser wavelength outputs sent through an Acousto-Optical Tunable Filter (AOTF) and a 30/70 partially reflective mirror. The reflected light was collected using three photodetectors set to collect light through narrow bands defined by prism and mirror-sliders, centered around the laser wavelengths 486-491 nm, 559-564 nm and 631-636 nm, respectively, for 488, 561 and 633, for example. The channels from each photodetector were then considered independently, additively combined into one channel, or shown as a color composite with 488 as blue, 561 as green and 633 as red. For detailed spectral analysis we also used a broadband white-light laser (Leica SP8 confocal microscope, with a multi-immersion objective 20×, 0.75 NA). Laser intensities for SCoRe ranged from 200-400 µW at the sample depending on the preparation used (thin skull vs. cranial window), the tissue being imaged, and the specific laser as longer wavelength lasers required less power for sufficient signal and penetration. Images were analyzed using NIH ImageJ. 3D reconstructions were created with Imaris imaging software (Bitplane Scientific Software).
Two-photon imaging. We used a mode-locked MaiTai tunable laser (Spectra Physics) with a two-photon microscope (Prairie Technologies) tuned to 1,040 nm for imaging of DsRed. Images were taken with a water immersion objective (Leica 20×, 1.0 NA) at depths up to 300 µm below the pial surface.
In vivo imaging of the mouse cortex. The thin-skull procedure was used for acute and chronic transcranial imaging as described previously 17 , whereas the cranial window procedure was used for acute imaging sessions with dye labeling. Briefly, mice were fully anesthetized using isoflurane or ketamine/ xylazine, and the scalp was shaved and sterilized. A midline scalp incision was made, and a custom-made metal plate was affixed to the skull using cyanoacrylate. An area no more than 1 mm was thinned with a high-speed drill and a microsurgical blade to a thickness of 20-30 µm, or removed along with the underlying dura for the cranial window. For fluorescent myelin labeling, fluoromyelin (Life Technologies) was applied directly to the exposed cortex in a 50% dilution in PBS from stock solution for 45 min and then washed thoroughly. Occasionally, we observed reflective fibers that were partially labeled with FM, which was probably a result of regional variation in dye penetration resulting in incomplete dye labeling. Cortical vasculature was visualized with intravenous injection of 70,000 MW Texas red dextran (Life Technologies). For astrocyte labeling, 50 µM sulforhodamine 101 (ref. 40) dissolved in PBS was applied for 20 min to the exposed cortex and then washed thoroughly. A #0 glass coverslip cut to size was placed over the cranial window and glued in place using cyanoacrylate.
In vivo imaging of the sciatic nerve. Mice were fully anesthetized using ketamine/xylazine and the skin was thoroughly shaved and sterilized on the lower back and upper thigh. A small incision was made in the skin above the plane between the vastus lateralis and the biceps femoris muscles. The skin was gently dissected from the underlying musculature and the sciatic nerve was exposed by separating the vastus lateralis and biceps femoris and separated from the surrounding connective tissue. A custom-made metal rod was used to gently elevate the separated nerve to immobilize it for imaging. After imaging, the nerve was lowered back into its original location and the incision was sutured. In some cases, fine #5 forceps were used to cause a controlled crush injury of the nerve. The nerve was pinched for 20 s to cause a reproducible crush without severing the nerve. The nerve was imaged before, immediately after and at one subsequent time point (5-10 days). Otherwise, for acute myelin damage, 1 µL of 2.5% lysophosphatidylcholine (LPC, Sigma-Aldrich), 100% DMSO or 100% double distilled water was injected into the sciatic nerve with a small pulled-glass micropipette. Additionally, myelin within the sciatic nerve was sometimes labeled with a direct injection of 0.5-2 µL of Fluoromyelin using a glass electrode. This was necessary because the dyes would not diffuse across the surrounding epineurium.
In some cases when projecting images for figure display (Fig. 4g,j) , it was necessary to merge single 1 µm z sections that were 3 µm apart because the best alternating interference pattern signal comes from the top of the axon, whereas the ideal fluorescence incisure signal comes from the middle of the axon.
In vivo imaging of the spinal cord. Mice were fully anesthetized using ketamine/xylazine and the back of the mouse was shaved and sterilized with alcohol and betadine. A dorsal midline incision of ~1.5 cm was made over vertebrae T10 to L2 and the muscles surrounding the spinous and transverse processes were gently removed to expose the underlying vertebrae. Two standard sterilized staples were used as small anchors and were glued with surgical grade cyanoacrylate to the pedicles of the vertebrae then further secured with dental cement 41 . A small custom-shaped metal rod was placed in the dental cement to serve as an anchor point to immobilize the animal during imaging sessions. Next, a laminectomy was performed on one vertebra using a small set of dissecting scissors. One-percent low-melting agarose was applied to the exposed spinal cord and then a #0 glass coverslip was secured on top of the agarose with cyanoacrylate and then dental cement. After the dental cement had dried the animal was secured to a custom-built holder for imaging. In some cases 1 µL of FM dye was injected into the spinal cord to label myelin.
Human explant imaging.
A 4% paraformaldehyde fixed explant of human brain (entorhinal cortex) was oriented to perform SCoRe imaging through the pial surface as shown in Figure 5g . Laser intensities necessary for optimal SCoRe signal were similar to those used for in vivo mouse imaging (200-400 µW at the sample) with a 20×1.0 NA water immersion objective. Fluoromyelin was applied to the cortical surface for 20 min to label myelin within the superficial cortex and then washed thoroughly with PBS.
Glass micropipette imaging. Pulled-glass micropipettes (diameters ranging from 2-20 µm) were filled with 1% agarose containing Alexa 488 dye and then immersed in PBS for imaging. Pipettes were imaged with SCoRe and fluorescence with identical settings to those used for in vivo SCoRe imaging of both the cortex and sciatic nerve. 
